Abstract. Noninvasive and longitudinal monitoring of tumor oxygenation status using quantitative diffuse reflectance spectroscopy is used to test whether a final treatment outcome could be estimated from early optical signatures in a murine model of head and neck cancer when treated with radiation. Implanted tumors in the flank of 23 nude mice are exposed to 39 Gy of radiation, while 11 animals exposed to sham irradiation serve as controls. Diffuse optical reflectance is measured from the tumors at baseline ͑prior to irradiation͒ and then serially until 17 days posttreatment. The fastest and greatest increase in baseline-corrected blood oxygen saturation levels are observed from the animals that show complete tumor regression with no recurrence 90 days postirradiation, relative to both untreated and treated animals with local recurrences. These increases in saturation are observed starting 5 days posttreatment and last up to 17 days posttreatment. This preclinical study demonstrates that diffuse reflectance spectroscopy could provide a practical method far more effective than the growth delay assay to prognosticate treatment outcome in solid tumors and may hold significant translational promise.
Introduction
Preclinical models are important in the discovery of novel drugs because they enable rapid and systematic evaluation of different combinations of therapy and doses as well as the sequence in which they are administered in a cost-effective manner before proceeding to expensive, time-consuming clinical trials. The standard method for evaluating cancer therapy in preclinical models is the tumor growth delay assay. Growth delay assays monitor tumor growth or regression over relatively long periods of time ͑weeks to months͒ to determine whether or not a subject has responded to a particular treatment. Though this method has been valuable, it hides physiological and functional changes that occur within treated tumors, which are likely to have important therapeutic implications. For instance, recent studies that used a vascular disrupting agent to treat cancers showed no impact on tumor growth, although there was substantial damage to tumor microvasculature within a few minutes of administration, 1 leading to near complete necrosis of the central portions of a tumor within hours. 2 It is well known that physiological changes such as oxygenation, metabolism, and angiogenesis are hallmarks of carcinogenesis and will be altered early in response to cancer therapy. 3, 4 In head and neck cancers, tumor hypoxia has been shown to be an important parameter, which strongly influences the efficacy and outcome of both chemotherapy and radiation therapy. 3, 5 Previous work has shown that low tumor pO 2 levels in head and neck cancer patients who were treated with radio-and/or chemotherapy had significantly lower locoregional control rates, higher incidences of residual disease after treatment, and lower 5-yr survival, relative to patients with higher 3,6-8 pO 2 . Imaging techniques such as microPET ͑micro positionemission tomography͒ and high-resolution MRI ͑magnetic resonance imaging͒ can provide valuable insights into tumor physiology, but are not amenable to frequent use in the laboratory and can at best report on events only at selected time points over the course of cancer therapy. These tools could therefore miss opportunistic time points and/or the interaction between key biomarkers that report on the effect of a particular drug. Immunohistochemical assays of tissue biopsies suffer from similar drawbacks, in addition to the fact that biopsies are subject to sampling heterogeneity.
Here, we report on the use of diffuse reflectance spectroscopy ͑SPX͒ to nondestructively and rapidly quantify tumor oxygenation in vivo as a predictor of tumor response to therapy. We demonstrate in a proof-of-concept study using a nude mouse model of head and neck cancer that this technique can be used frequently and repeatedly to assess tumor oxygenation before, during, and after cancer therapy. We found that the optically estimated tumor oxygen saturation could distinguish between subjects showing partial versus complete response as early as 7 days posttreatment. This tool could augment current growth delay assays and could identify key landmark time points for more detailed assessment with more sophisticated imaging methods and/or immunohistochemistry.
Methods
A total of 34 nude mice were inoculated with 10 6 FaDu human hypopharyngeal squamous cell carcinoma cells suspended in 0.1 ml serum-free medium, subcutaneously, on their right flanks. Once the average tumor diameters reached 6 to 8 mm, the animals were evenly distributed by tumor volume into control and treatment groups in a 1:2 ratio, respectively. In the treatment group, N =23 animals were exposed to 39 Gy of radiation, while N =11 animals in the control group received sham irradiation. The dose of 39 Gy was chosen as it has previously been reported as the TCD 50 ͑dose that provides local control to 50% of the treated population͒ for this tumor model in nude mice. 9 Prior to radiation exposure, all animals ͑whether treated or shammed͒ were anesthetized using Nembutal ͓ip ͑intraperitoneal͒ diluted 1:5 by volume͔ and placed in a custom-built stereotactic holder in the radiation field. Treatment day was labeled day 0. Note that although a single curative dose is not clinically used, this report is an initial study to determine whether ͑and if so, how early do͒ optical methods indicate treatment response to radiotherapy.
All tumors were monitored optically before treatment to get baseline measurements on day 0 and then again on days 1, 3, 5, 7, 10, 12, 14, and 17. The animals were anesthetized via Isoflurane breathing ͑1.5% Isoflurane gas mixed with oxygen͒ throughout the course of the optical measurements. Tumor volumes were measured once using calipers each day over the course of the optical measurements and then one or two times per week until 90 days posttreatment. The study was approved by the Duke Institutional Laboratory Animal Care and Use Committee.
A fiber-optic-based spectrometer 10 ͑Skinskan, JY Horiba, Edison, New Jersey͒ was used to measure the diffuse reflectance in the spectral range between 480 and 650 nm from the FaDu tumors. The illumination and collection of the light to tissue was achieved via a bifurcated fiber optic probe, which at its common end had 40 illumination and 40 collection fibers ͓each individual fiber was 200 m in diameter; see Fig. 2͑a͒ in Sec. 3͔. This probe was constructed for use with the preceding optical spectrometer and was designed to provide a high enough SNR for a wide range of tissue optical properties using Monte Carlo simulations. Monte Carlo simulations were also used to calculate that the effective penetration depth for this probe geometry was ϳ0.7-1 mm, for a turbid medium with representative mouse tumor optical properties ͑with mean absorption coefficient between 480 and 650 nm of 2.8 to 4 cm −1 and mean reduced scattering of 15 to 18 cm −1 ͒ and indicate that the probe sensed diffuse reflectance signals from depths greater than 0.3 mm, which was the histologically measured mean skin thickness atop these tumors. Two diffuse reflectance scans were consecutively collected from the tumor, at each time point, by gently pushing the probe to make contact with the tumor and fixing it to a clamp so it did not move during the measurements. The acquired diffuse reflectance spectra were calibrated and analyzed using an inverse scalable Monte Carlo model, as described previously, 10 to obtain the wavelength-dependent scattering and absorption spectra. The concentration of oxygenated ͑HbO 2 ͒ and deoxygenated ͑dHb͒ hemoglobin in the tumor vasculature was derived from the wavelengthdependent absorption coefficient using the Beer-Lambert equation. Their concentrations were then used to calculate the blood oxygen saturation: SO 2 = 100ϫ HbO 2 / ͑HbO 2 + dHb͒. Figure 1͑a͒ shows the number of surviving animals for the treated ͑solid line͒ and control ͑dashed line͒ over the 90-day period after initiation of treatment. Five control and 7 treated animals were censored due to ulcerations in the tumors before the end of the study and are indicated by the customary vertical ticks in Fig. 1͑a͒ . Figure 1͑b͒ shows average foldincrease ͑relative to baseline͒ in the tumor volumes for the treated ͑triangles and asterisks͒ and the control ͑circles͒ animals. The symbols represent the mean value of the fraction increase in tumor volume calculated for all animals that were alive in each group, at each time point, while the error bars represent the standard error. Six of the treated animals showed complete local tumor control with no recurrences up to day 90 ͑asterisks͒ and were classified as complete responders ͑CRs͒. The remaining 17 treated animals were classified as partial responders ͑PRs, triangles͒ since the tumors in these animals recurred locally during the 90-day period ͑the last recurrence was scored on day 63 posttreatment͒. Figure 2͑b͒ shows the extracted absorption spectra on day 0 ͑circles͒, day 7 ͑triangles͒, and day 14 ͑squares͒ for one representative animal from each group ͑hollow symbols, control; gray fill, PR; black fill, CR͒. Although the absorption spectra for each of these three animals were quite similar at baseline, we see that the treatment caused an increase in the levels of oxygenated hemoglobin ͑evidenced through the growth of the characteristic ␣ / ␤ bands of oxyhemoglobin, Fig. 3 Comparison of changes in tumor volume ͓͑a͒ to ͑c͒, top row͔ and ⌬SO 2 ͓͑d͒ to ͑f͒, bottom row͔ across all animals in each group, on days 1, 7, and 14 ͑columns͒ using standard box plots. The data between groups were compared using an analysis of variance ͑ANOVA͒ for each parameter and day to determine if there were significant differences between the groups, and if so, the groups were compared in a pairwise fashion using the Wilcoxon rank sum test. Each figure shows the p value for all pairwise Wilcoxon comparisons ͑NS is used to show p Ͼ 0.05͒, while the x axis labels show the animal numbers and group, for each day ͑CTL, control͒. Fig. 2 ͑a͒ Fiber optic probe geometry used in this study ͑open circles indicate source fibers and filled circles represent collection fibers͒; ͑b͒ extracted absorption spectra for one representative animal that was a control ͑hollow symbols͒, a PR ͑gray-filled symbols͒, and a CR ͑black-filled symbols͒ on day 0 ͑baseline; circles͒, day 7 ͑triangles͒ and day 14 ͑squares͒; and ͑c͒ average change in tumor blood saturation ͑relative to day 0, ⌬SO 2 ͒ for each group ͑asterisks, CRs; triangles, PRs; circles, controls͒.
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marked by arrowheads͒ 7 and 14 days postradiation in the treated animals relative to the controls. Figure 2͑c͒ shows the group averaged time trends in ⌬SO 2 for all controls, PRs, and CRs. Here, ⌬SO 2 on a given day represents the change in SO 2 on that day relative to the baseline measurement for each animal and enabled comparison of the changes in SO 2 values relative to each subject's baseline. As in Fig. 1͑b͒ , symbols represent the mean ⌬SO 2 computed across all available animals in each group, at each time point, while the bars are standard errors. Figure 2͑c͒ shows that the tumor oxygen saturation for the CRs ͑asterisks͒ had the steepest increase and the highest value relative to the controls ͑circles͒ and PRs ͑tri-angles͒ 7 to 14 days posttreatment. The increases seen in the treated groups can be interpreted as a consequence of radiation-induced tumor cell death, which causes a reduced demand for oxygen in the tumors, while the increase in the control group might be a consequence of measuring the increased oxygenated blood ͑due to inhaled oxygen during anesthesia͒ that is shunted along the rims in these tumors. 11 We did not, however, observe any significantly distinct trends in the mean optically extracted total hemoglobin values across time between the animals of the three groups. Figure 3 compares the changes in tumor volume ͓Figs. 3͑a͒-3͑c͔͒ and ⌬SO 2 ͓Figs. 3͑d͒-3͑f͔͒ across animals in each group, on day 1 ͓Figs. 3͑a͒ and 3͑d͔͒, day 7 ͓Figs. 3͑b͒ and 3͑e͔͒, and day 14 ͓Figs. 3͑c͒ and 3͑f͔͒. In each plot, the groups ͑and the number of animals alive for that day͒ are identified on the x axis labels. Figures 3͑a͒ and 3͑d͒ showed no differences in tumor volumes or ⌬SO 2 values between all groups on day 1. By day 7, it was possible to isolate the treated group ͑both PRs and CRs͒ from the untreated controls on the basis of an ANOVA test on the tumor volumes, and these differences were maintained on day 14. However, there was no statistically significant difference between the tumor volumes of the PRs and CRs either on day 7 or day 14. The changes in ⌬SO 2 on days 7 and 14 for each group, on the other hand, show that the CRs were well separated from both the controls and the PRs, while there was no statistically significant difference between the PRs and control animals, on any of the days.
A previously published report that employed diffuse reflectance spectroscopy to monitor treatment response to photodynamic therapy ͑PDT͒ in a murine model of fibrosarcoma observed that an increase in the relative SO 2 ͑post-versus pre-PDT͒ was statistically associated with an increased probability of survival without recurrence. 12 Our proof-ofconcept study suggests that diffuse reflectance spectroscopy has the potential to differentiate CRs from PRs and nonresponders in preclinical models early in the course of therapy and could therefore be used to rapidly test novel drugs and individualized therapeutic strategies for cancer treatments. Future studies with a larger number of animals will enable us to test the accuracy and efficacy of using optical methods to develop a predictive model to predict/assess treatment outcome.
